Although epidemiological studies indicate cancer preventive effects of diets rich in fruit and vegetables, large clinical intervention studies conducted to evaluate dietary supplementation with micronutrients, mostly vitamins, showed disappointing results in large parts. In contrast, there is encouraging epidemiologic data indicating great chemopreventive potential of a large group of phytochemicals, namely polyphenols. This study shows the DNA protective effect epigallocatechin-3-gallate, a tea catechin, and one of the best-studied substances within this group, on carcinogen-induced DNA fragmentation in upper aerodigestive tract cells. Cell cultures from fresh oropharyngeal mucosa biopsies were preincubated with epigallocatechin-3-gallate in different concentrations before DNA damage was introduced with the metabolically activated carcinogen benzo[a]pyrene-7,8-dihydrodiol-9, 10-epoxide or cigarette smoke condensate. Effects on resulting DNA fragmentation were measured using the alkaline single-cell microgel electrophoresis (comet assay). Epigallocatechin-3-gallate significantly reduced benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide-induced DNA damage by up to 51% (P < 0.001). Fragmentation induced by cigarette smoke condensate could be lowered by 47% (P < 0.001). Data suggest a cancer preventive potential of epigallocatechin-3-gallate as demonstrated on a subcellular level. An additional mechanism of tea catechin action is revealed by using a primary mucosa culture model.
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Introduction
Certain polycyclic aromatic hydrocarbons (PAH) are known carcinogens, widely distributed in ambient air (Boström et al., 2002) , in food (Phillips, 1999) , and concentrated in tobacco smoke (IARC, 1973) and are classified in group 2A by the International Agency for Research on Cancer (IARC) (IARC, 1973) . They play a major role in the upper aerodigestive tract carcinogenesis. One of the best-studied PAH is benzo[a]pyrene (B[a]P), which was recently upgraded to group 1 by the IARC (IARC, in preparation). B[a]P is a hydrophobic substance that easily enters the cell by diffusion (Vasiluk et al., 2008) . Within the cell it gets metabolically activated to benzo[a]pyrene diol epoxide (BPDE) by phase-1 enzymes, such as cytochrome P450 isoenzymes. The epoxide reacts with the DNA, predominantly inducing BPDE deoxyguanosine adducts (Baird et al., 2005) , that are potentially mutagenic following base pair substitutions involving GC -TA transversion (Jernström et al., 1994) .
Although dependent on the type of tobacco, tobacco smoke is generally considered as a group 1 carcinogen by the IARC (IARC, 2002) . Cigarette smoke condensate (CSC) is genotoxic in nearly all systems it has been tested (DeMarini, 2004) .
Although smoking cessation remains the most important step in avoiding cancer in the upper aerodigestive tract including head and neck cancer, an extensive research was carried out in the past decades on cancer chemoprevention. The term 'chemoprevention' was first introduced by Sporn in 1976 , (Sporn, 1976 which describes the use of specific natural, biologic, or synthetic agents to reverse, suppress, or prevent the development of cancer. The concept of field cancerization in the upper aerodigestive tract provides excellent conditions for chemopreventive approaches (Dakubo et al., 2007) .
After epidemiological hints that there is a lowered risk of digestive tract cancers among tea drinkers, especially those consuming green tea (Blot et al., 1996, in preparation) , much attention was drawn towards epigallocatechin-3gallate (EGCG), a flavonoid and major constituent of green tea (Nagle et al., 2006) .
Regarding chemical carcinogenesis by B[a]P, several studies have shown preventive actions of EGCG. Muto et al. in 1999 reported antimutagenic effects of EGCG for B[a]P-induced mutagenesis in transgenic mice carrying the rpsL gene as a monitor of mutations (Muto et al., 1999) . In 2001, Muto et al. showed that EGCG prevents phase-1-activation of B[a]P by inhibiting cytochrome P450 isoenzymes expressed in bacteria (Muto et al., 2001) . These findings were confirmed by Netsch et al. (2006) , who found that EGCG significantly inhibits CYP1A2 and CYP3A4 and significantly increases CYP1A1 as well as CYP1A2 mRNA expression in two intestinal cell lines (Netsch et al., 2006) . Furthermore, EGCG was shown to induce glutathione S-transferase in rat liver cells (Chou et al., 2000) , an enzyme capable of detoxifying BPDE by conjugation (Baird et al., 2005) . Reactive oxygen species production during B[a]P metabolism is an additional source of DNA damage (Yen and Chen, 1998) . EGCG is a strong free radical scavenger that can act as a metal chelator and therefore inactivates redox-active transition metal ions and may prevent cellular oxidative damage by inhibiting lipoxygenase, cyclooxygenase, and xanthine oxidase enzymes, all potentially capable of causing oxidative damage in some tissues by their peroxidase activity (Frei and Higdon 2003) . A recent study with normal human blood lymphocytes revealed somewhat contradictory results: Although EGCG at lower concentrations (10 -8 to 10 -5 mol/l) prevented oxidative DNA damage with or without mutagen stimulation (bleomycin and hydrogen perodixe), EGCG induced oxidative DNA strand breakage at higher concentrations (10 -3 mol/l) (Kanadzu et al., 2006) . Such high concentrations, however, are not expected to occur under in-vivo conditions. Bioavailability of EGCG in humans was previously shown to give concentrations in the range of 10 -7 -10 -5 mol/l (Ullmann et al., 2003) .
The upper aerodigestive tract mucosa is a primary target of tobacco smoke and environmental carcinogens as the vast majority of malignancies in this body region evolve from epithelial cells. In this study we used mini-organ cultures (MOCs) of oropharyngeal mucosa because of several advantages compared with isolated mucosal cells, cell lines, or other in-vitro models. First, by using these three-dimensional, completely epithelialized tissue cubes, repeated incubation of mucosal cells is possible without too much cellular damage and loss of cellular material after repetitive medium renewal (centrifugation, resuspension in medium) and loss of cell material (Kleinsasser et al., 2004) . Second, compared with cells in intact tissue, isolated cells may have a limited metabolic competence, both for endogenous compounds and xenobiotics, a possibly altered DNA sensitivity and impaired repair capacity (Teissier et al., 1998) . To translate findings from studies using cell lines into clinical applications, primary cell culture models with three-dimensional organization and multicellular com-plexity of the target tissue need to be tested (Schmeichel and Bissell, 2003) .
We investigated the influence of EGCG on BPDE and CSC-induced DNA damage in MOC after repeated incubation with the flavonoid.
Materials and methods

Tissue material
The trial was approved by the ethics committee of Ludwig-Maximilians-University, Munich, Germany. After recieving informed consent, tissue samples were obtained during tonsillectomy and uvulo-palato-pharyngoplasty. After excision, samples were covered with 0.9% NaCl solution.
Mini-organ culture
After immediate transport to the laboratory, specimens were dissected into mucosal cubes of 1 mm 3 excluding deeper layers. Specimens were then transferred into a tube containing 5 ml phosphate-buffered saline (PBS, Gibco invitrogen, Eggenstein, Germany), washed three times in PBS and placed in 24-well plates, one fragment in each well. Bottom of the wells were coated by rinsing with a solution of 30 ml 0.75% Agar Noble (DIFCO, Detroit, USA) dissolved in 30 ml Dulbecco's modified eagle medium, 6 ml 10% fetal calf serum (Gibco), 75 ml nonessential amino acids (Gibco), 240 ml penicillin-streptomycin (Sigma Aldrich, Steinheim, Germany), and 120 ml amphotericin B (Gibco), thus preventing adhesion to the surface. MOCs were now covered with 250 ml bronchial epithelial cell growth medium (BEGM) (supplemented with bovine pituitary extract, insulin, hydrocortisone, epinephrine, triodothyronine, transferrin, and retinoic acid; Promocell; Heidelberg, Germany) per well. After incubation for about 21 days at 371C, 5% CO 2 , and 100% relative humidity, the MOCs were completely coated with epithelium ( Fig. 1a and b ). Growth medium (250 ml BEGM) was renewed every second day. Every seventh day MOCs were transferred to new multiwell plates by mild aspiration with a pipette to prevent damage to the cells as far as possible.
Incubation
In the first setting, 20 MOCs were incubated on 3 consecutive days for 30 min with EGCG (0.1 mmol/l and 5 mmol/l; Sigma Aldrich, Steinheim, Germany) dissolved in aqua bidest and washed twice after each incubation. BPDE (Midwest Research Institute, Kansas, USA; 9 mmol/l) dissolved in dimethyl sulfoxide (Merck, Darmstadt, Germany) was then added for 60 min. In a second setting, 20 MOCs were incubated with EGCG (5 mmol/l; dissolved in dimethyl sulfoxide) for 30 min on 1 or 4 following days. After washing twice, CSC (0.7 mg/ml; Analytisch-Biologisches Forschungslabor, Munich, Germany) was added for 18 h. CSC was made of Malboro cigarettes (condensate: 10 mg; nicotine: 0.8 mg) according to the standard DIN ISO 3308 (Deutsches Institut für Normung e.V., 12/2000). After incubation with BPDE or CSC, MOCs were washed again twice. All incubations were carried out at 37.51C.
Alkaline single-cell microgelelectrophoresis (comet assay)
The MOCs first underwent enzymic digestions for 1 h after being covered with a solution of 50 mg protease (Biochrom, Heidelberg, Germany), 10 mg hyaluronidase (Roche, Mannheim, Germany), and 10 mg collagenase P (Roche) dissolved in 10 ml BEGM. Thereafter, connective tissue and extracellular matrix components were removed manually. Histolytic enzymes were neutralized with fetal calf serum (Gibco) and the cell suspension was washed twice in cold PBS (Gibco). Cell viability was monitored by the trypan blue dye exclusion test.
The alkaline single-cell microgelelectrophoresis (comet assay) was carried out according to the standard protocol.
DNA migration was measured using the image analysis software Komet 3.1 (Kinetic Imaging, Liverpool, UK) and quantified by the olive tail moment (OTM). The OTM represents the relative amount of DNA in the tail multiplied with the median migration distance in micrometers usually presented dimensionless (Olive and Banáth, 2006) . Eighty cell nuclei per slide were randomly selected without knowledge of pretreatment.
Statistical analysis
Significant differences in DNA damage between the samples were calculated using the Friedman test by the SPSS 15.0 software (SPSS GmbH, München, Germany). Calculation was based on the arithmetic mean of OTMs of each slide; a-level was set at 0.05 before statistical analysis.
Results
Age, sex, smoking habits, and average alcohol consumption of patients (Table 1) had no statistically significant effect on DNA damage by BPDE and CSC as modulated by EGCG. Overall cell viability was greater than 90%, cell counts were between 0.5 and 1.5 million cells per MOC. When more than 25% were considered avital after trypan blue dye exclusion test, cells were excluded from further analysis (Henderson et al., 1998) . Hedgehogs or ghost cells, showing extensive DNA damage, were not analyzed, as they are considered to represent apoptotic cells (Fairbairn et al., 1996; Burlinson et al., 2007) , although it was recently suggested that apoptotic cells cannot be measured by the comet assay (Meintières et al., 2003) . One sample was lost during the process of gaining single cells.
EGCG in any concentration did not cause remarkable DNA damage. Mean OTMs ranged between 0.7 and 1.8. Dimethyl sulfoxide and aqua bidest as negative controls led to mean OTMs between 0.8 and 1.1.
After incubation with BPDE (9 mmol/l) for 60 min, OTMs ranged from 6.69 to 20.47 (mean = 12.1). After pretreatment of MOC with EGCG (0.1 mmol/l) on 3 following days for 1 h, OTMs were reduced by 36% (OTM BPDE = 12.1, OTM BPDE + EGCG = 7.7; P < 0.001, Fig. 1 ). Preincubation of MOC with EGCG (5 mmol/l) for 3 days decreased BPDE-induced damage by 51% (OTM BPDE = 12.1, OTM BPDE + EGCG = 5.9; P < 0.001, Fig. 2) . A significant higher reduction of DNA damage after incubation with 5 mmol/l compared with 0.1 mmol/l (P = 0.001) was observed.
DNA fragmentation caused by CSC (0.7 mg/ml) for 18 h ranged between OTM = 5.58 and 14.62. DNA damage was reduced by 28% when MOCs were preincubated with EGCG (5 mmol/l) for 30 min (OTM CSC = 9.3, OTM CSC + EGCG = 6.7; P < 0.001, Fig. 3 ) and by 47% when treated with EGCG on 4 days (OTM CSC = 9.3, OTM CSC + EGCG = 64.9; P < 0.001, Fig. 4 ). Pretreatment on 4 days significantly reduced DNA damage when compared with 1-day (30 min) incubation (P = 0.039).
Discussion
EGCG led to a reduction of DNA damage induced by BPDE in all samples. There are only two samples where no reduction could be seen after EGCG pretreatment and CSC-induced DNA damage. The spectrum of DNA damage caused by BPDE and CSC must be seen as a consequence of heterogeneous metabolic competence, cellular defense, and DNA repair capacity. Using cell cultures of freshly biopsied mucosa samples instead of epithelial cell lines implicates differences in the metabolism of xenobiotics. Cells from different donors show different abilities to extrude xenobiotics from the cellular plasma. ATP binding cassette (ABC) transporter proteins, large membrane-bound protein play a major role in cancer drug resistance and physiologically provide general protection against hydrophobic xenobiotics (Sarkadi et al., 2006; Yeh et al., 1992) . A wide interindividual variation of inducible drug metabolizing enzymes such as the cytochrome P450 isoenzymes CYP1A1 and CYP 1B1, which were shown to metabolize PAH is observed (Keshava et al., 2005) . Cellular defense mechanisms against oxidative stress are affected by dietary factors. Oxidative stress development during cell culturing leads to the depletion of cellular antioxidants such as glutathione (Halliwell and Whiteman, 2004 ) that was previously shown to potentiate PAH-induced tumorigenesis (Srivastava et al., 2000) . CSC + EGCG CSC Olive tail moment DNA damage induced with cigarette smoke condensate (CSC, 0.7 mg/ml, 18 h) in mini-organ culture and its reduction (47%; P = 0.001*) after preincubation with epigallocatechin-3-gallate (EGCG; 5 mmol/l, 30 min) on 4 consecutive days (n = 19). *Based on olive tail moment values (Friedman test). Our results confirm findings from earlier epidemiological, clinical, and experimental studies revealing the cancer preventive action of EGCG. Using the MOC model, interindividual differences in the ability of EGCG to prevent carcinogen-induced DNA damage were shown.
